The self-oscillation of the magnetization in a spin torque oscillator (STO) with a perpendicularly magnetized free layer and an in-plane magnetized pinned layer in the absence of an applied magnetic field was studied by numerically solving the Landau-Lifshitz-Gilbert equation. It was pointed out that field-like torque was necessary to realize stable self-oscillation in this type of STO at zero field. The numerical simulation at finite temperature showed that the presence of the field-like torque led to a high power with a relatively high oscillation frequency.
Self-oscillation of the magnetization in a nanomagnet excited by spin torque has attracted much attention for its potential application to spintronics devices such as microwave generators, magnetic sensors, and a recording and reading head of high-density hard disk drives [1] [2] [3] [4] [5] [6] [7] . Recent development on the enhancement of the perpendicular magnetic anisotropy of the CoFeB ferromagnetic layer by adding a MgO capping layer [8] [9] [10] enables us to realize a spin torque oscillator (STO) with a perpendicularly magnetized free layer and an in-plane magnetized pinned layer. It was previously shown that this type of STO produced a high emission power (∼ 0.5 µW) with a narrow linewidth (∼ 50 MHz) by this self-oscillation [11] . It should be noted that in Ref. [11] , a relatively large magnetic field (from 2 to 3 kOe) was applied to STO normal to the film plane, while the self-oscillation at zero field was interesting from a practical point of view. Although the emission power at zero field was investigated experimentally, the observed value was very low (typically, a few nW) [12] .
Unfortunately, it was theoretically shown that the selfoscillation could not be excited in this type of STO in the absence of the applied field [13] . Above the critical current at which the spin torque destabilized the perpendicularly magnetized initial state, the magnetization directly moves to the anti-parallel direction with respect to the pinned layer magnetization, and stops its dynamics. This conclusion was analytically shown by calculating the energy balance between the work done by spin torque and the energy dissipation due to the damping, and was confirmed by the numerical simulation of the Landau-Lifshitz-Gilbert (LLG) equation [13] .
The purpose of this letter is to show that the previous conclusion is drastically modified by taking into account the field-like torque because the presence of such torque modifies the energy balance between the spin torque and the damping. The numerical simulation of the LLG equation shows that a stable self-oscillation can be realized for a negative β, where β is the ratio between the spin torque and the field-like torque, as defined in Eq. (1) below. We also calculate the current dependences of the power and the oscillation frequency of STO at a finite temperature. The power significantly increases above the critical current when β < 0, whereas it rapidly decreases when β = 0 or β > 0. Also, the oscillation frequency remains rela- tively high for β < 0, whereas it drops to approximately zero for β = 0 and β > 0. Figure 1 (a) schematically shows the system under consideration, where the unit vectors pointing in the magnetization directions of the free and pinned layers are denoted as m and p, respectively. The z-axis is normal to the film plane whereas the x-axis is parallel to the pinned layer magnetization. The current is denoted as I, where the positive current I > 0 corresponds to the electrons flowing from the free layer to the pinned layer. The magnetization dynamics are described by the LLG equation [14] [15] [16] [17] [18] ,
where γ and α are the gyromagnetic ratio and the Gilbert damping constant, respectively. Throughout this letter, we consider the case of the zero applied field. The mag-netic field H = (H K − 4πM )m z e z consists of the crystalline anisotropy field H K and the demagnetization field 4πM . Because we are interested in the perpendicularly magnetized free layer, H K should be larger than 4πM . The magnetic field can be defined as the derivative of the energy density
z /2 with respect to the magnetization M m, i.e., H = −∂E/∂(M m). The second and third terms on the right-hand side of Eq.
(1) represent the spin torque and the field-like torque, respectively. The spin torque strength,
consists of the volume of the free layer V and the spin torque parameters, η and λ [18] , where η corresponds to the spin polarization of the current and λ determines the dependence of the spin torque strength on the relative angle between the magnetizations, m and p. For the positive (negative) λ, the spin torque magnitude near the anti-parallel alignment of m and p is larger than that near the parallel alignment [17] , and only the positive (negative) current can excite the self-oscillation of the magnetization [2, 13] . The dimensionless parameter β in Eq. (1) is the ratio between the spin torque and the field-like torque. The origin of the field-like torque is the same as that of the spin torque, i.e., the transfer of the transverse spin angular momentum from the conduction electron to the free layer magnetization. While the magnitude of the fieldlike torque is negligibe in a giant magnetoresistive (GMR) system [19, 20] , in a magnetic tunnel junction (MTJ) it reaches a few tens of percents of the spin torque magnitude [21, 22] . The value of β has been experimentally measured by using the spin torque diode effect [23] [24] [25] , although the spin torque diode effect can measure β below the critical current only while the self-oscillation state is realized by the current above the critical current. Both the theoretical calculation and the experimental measurement have shown that the magnitude and sign of the field-like torque depend on the material parameters, the sample thickness, and the bias voltage [19] [20] [21] [22] [23] [24] [25] . However, for simplicity, β in this letter is assumed to be constant with respect to the bias voltage (current). Instead, we study the magnetization dynamics for various values of β. rad/(Oe·s), and α = 0.005, respectively [8, 10, 11, 26] . By using these parameters, the critical current to destabilize the initial state for β = 0, I c = [4αeM V /( ηλ)](H K − 4πM ) [13] , is estimated to be 1.2 mA. As studied in Ref. [13] , in the absence of the field-like torque (β = 0), the magnetization moves to the anti-parallel direction with respect to p = e x , and stops its dynamics. Similarly, in the case of the positive β, the magnetization stops at m = −p. The relaxation time of the magnetization for β > 0 is shorter than that for β = 0. On the other hand, stable self-oscillation is realized for negative β, as shown in Fig. 2 (c) . The tilted angle at the self-oscillation state increases as the current increases. The results shown in Fig. 2 indicate that the field-like torque plays a key role toward the realization of selfoscillation in this STO. In the self-oscillation state, the net energy supply by the spin torque is balanced with the energy dissipation due to the damping, and the magnetization precesses on the constant energy line. In the case of β = 0 and I > 0, the magnetization precesses around the z-axis. It should be noted that the spin torque dissipates energy when m x > 0 because it is parallel to the damping, whereas it supplies energy when m x < 0 because it is anti-parallel to the damping, as shown in Fig.  1 (a) . Because the spin torque magnitude for m x < 0 is larger than that for m x > 0 when λ > 0, the spin torque supplies a finite energy to the free layer. As studied in Ref. [13] , in the absence of the applied field, spin torque above I c always overcomes the damping during m z = 1 to m z = 0, whereby self-oscillation cannot be realized. The magnetization moves to the film-plane and stops its dynamics at m = −p. In the case of β = 0, the field-like torque acts approximately as an applied field pointing in the positive (negative) x-direction for β > 0(< 0), and modifies the precession trajectory, as shown in Fig. 1 (b) , due to which the amount of energy supplied by the spin torque differs from that for β = 0. For the positive β, the amount of energy supplied by the spin torque increases, and the magnetization rapidly moves to m = −p, as shown in Fig. 2 (b) . On the other hand, for the negative β, the energy supplied decreases. Then, the spin torque balances with the damping above the film-plane, and therefore, the stable self-oscillation of the magnetization can be realized.
We also calculated the power and oscillation frequency of STO, both of which depend on m x (t) through the magnetoresistance effect ∝ ∆Rm · p [11] , where ∆R = R AP − R P is the difference in the resistances between the parallel (P) and anti-parallel (AP) alignments of m and p. The power is defined as
, where m x (f ) is the Fourier transformation of m x (t). The random torque, −γm × h, is added to the right-hand side of Eq. (1) to obtain not only the power at the self-oscillation state but also the mag-noise power. The components of the random field h k (k = x, y, z) satisfy the fluctuationdissipation theorem [27] ,
where T is the temperature. The oscillation frequency is defined as the peak frequency of |m x (f )|. The values of the parameters are those used in Fig. 2 with T = 300 K. The sampling number is 10 3 .
Figures 3 (a) and (b) show the powers and oscillation frequencies for various β, respectively. Only the positive current can induce the magnetization dynamics in this system [13] , and the power observed in the negative current region corresponds to the mag-noise power. We focus on the positive current region here. The most remarkable point is that the power significantly increases above the critical current (≃ 1.2 mA) for β < 0, whereas it decreases for β = 0 and β > 0. This is because the stable self-oscillation of the magnetization can be realized in the case of β < 0 whereas the magnetization dynamics stop at m = −p in the cases of β = 0 and β > 0. For negative β, the tilted angle of the magnetization from the z-axis increases as the absolute value of β decreases, due to which the power for β = −0.1 is greater than that for β = −0.5. For the same reasons, the oscillation frequency for β < 0 remains relatively high compared with those for β = 0 and β > 0, and the oscillation frequency for β = −0.1 is lower than that for β = −0.5. In the cases of β = 0 and β > 0, the powers are the mag-noise powers originated from the random oscillation of the magnetization around the z-or x-axis, depending on whether the current magnitude is below or above the critical current. Because the oscillation amplitude of m x for the precession around the z-axis is larger than that for the precession around the x-axis, the power drops at the critical current.
In conclusion, the magnetization dynamics of STO with a perpendicularly magnetized free layer and an inplane magnetized pinned layer was studied by numerically solving the LLG equation. We found that the field-like torque enabled the realization of a stable selfoscillation of the magnetization in this type of STO. The power and oscillation frequency of STO were calculated from the LLG equation at a finite temperature. The results also showed that the presence of the field-like torque led to a high power with a relatively high oscillation frequency.
